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Summary. Collagens can be divided into two groups,
i.e., fibrillar and non-fibrillar collagens. Short-chain
collagens, a subgroup of non-fibrillar collagens,
comprises collagen type VIII and type X. These two
collagen types show several similarities in structure and
possibly also in function. Type VIII collagen appears to
be secreted by rapidly proliferating cells. It can be found
in basement membranes and may serve as a molecular
bridge between different types of matrix molecules. In
different tissues this collagen type may serve different
functions. Stabilization of membranes, angiogenesis, and
interactions with other extracellular matrix molecules.
Since collagen type X is produced by hypertrophic
chondrocytes, this collagen type can only be found in
matrix of the hypertrophic zone of the epiphyseal growth
plate cartilage. Collagen type X is probably involved in
the process of mineralization, endochondral ossification,
and is also proposed to play a role in angiogenesis.
Collagen types VII and X may be involved in matrix and
bone disorders. Their structure, function, and
involvement in pathology are discussed in this review.
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Introduction

Collagens are extracellular, structural proteins
present in all multicellular species. They originally have
been assigned a structural role in the extracellular matrix
(ECM) (Borstein and Sage, 1980). Collagens are
synthesized as pro-collagens in which the triple helical
domain is flanked by C- and N-terminal globular
extensions (Brass et al., 1992). Nineteen collagen types
have been described so far (van der Rest and Garrone,
1991; Kielty et al., 1993; Mayne and Brewton, 1993;
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Prockop and Kivirikko, 1995). At least 30 genes are
involved to code for the constituent polypeptide chains
of all these homo- or hetero-trimeric molecules (Rehn et
al., 1994). Collagens can be divided into two groups, i.e.,
fibrillar and non-fibrillar collagens, and the latter into
several subgroups (Kivirikko et al., 1995). Table 1
presents an overview of the structures formed by
collagens, their constituent chains, and their localization.

Fibrillar collagens

The major function of fibrillar collagens is
supportive and mechanical (Bornstein and Sage, 1980).
They are important for embryonic morphogenetic events
as well (Ninomiya et al., 1986). The subfamily of
collagens forming quarter-staggered fibrils (I, II, IIL, V,
XI) is best known (van der Rest et al., 1993). They
contain a continuous triple helical domain formed by «
chains with molecular weights exceeding 95 kD (Dublet
et al., 1989).

The fibrillar collagen genes are closely related and
clearly derived from a single ancestral gene. The intron-
exon structure of all vertebrate fibrillar collagen genes is
essentially identical for the region of the gene encoding
the large triple helix. The greatest differences between
the various fibrillar collagen chains are noted in the N-
propeptide region (van der Rest et al., 1993). Their
COOH-terminal propeptides are highly homologous
between themselves, and their modes of aggregation
appear to be very similar as well (van der Rest et al.,
1993).

Non-fibrillar collagens

The collagen types IV, VI, VII, and XII also contain
a chains with molecular weights of over 95 kD, but their
triple helical domains are interrupted by nonhelical
segments (Dublet et al., 1989). Non-fibrillar collagen
types consist of three identical o chains while other
types consist of two or more genetically distinct but
similar polypeptides (Burgeson, 1988; Dublet et al.,
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Table 1. Structures formed by collagens, and their locations.

COLLAGEN TYPE STRUCTURES FORMED TYPENUMBER  CONSTITUENT CHAIN DESCRIBED IN
Fibrillar Quarter staggered fibrils Type I al(l) Dentin, skin
a2() Most connective tissues
Tipe II1. 2 al(ll Hyaline cartilage
Type I al(lll) Fertal skin, vessel walls, soft connective tissues
Type V1.2,3,4 al(V) Chinese hamster lung cells
a2(V) Most type | collagen containing tissue
a3(V) Placenta
Tuype XI1.2.3.4 al(XI) Cartilages
a2(XI) Bovine bone, endothelial cells
a3(XI)
Basement membranes Type V5 al(lVv) Basement membranes
a2(IV)
a3(1V) Glomerular basement membranes
a3(IV)
a4(lV)
a5(1V)
a6(IV)
Non-fibrillar Hexagonal lattices (short-chain)  Type VIII6: 22 al(VII) Descemet's membrane, endothelial cells
a2(VII)
Type X7, 8,22 al1(X) Growth plate cartilage
Beaded filaments Type VI9. 10 al(Vl) Most connective tissues
a2(VI)
a3(VI)
Fibril associated (FACIT) Type IX11-13, 22 al(IX) Cartilage
a2(IX)
a3(IX)
Type XII13, 14,22 al(Xll) Tendon, skin
Type XIV14. 22 al(XIV) Skin, tendon
Type XVI19, 22 al(XVI)
Type XIX20 a1 (XIX)
Anchoring fibrils Type VIS al (Vi) Mesenchyme-epithelial junctions
Multiplexins Type XV21-24 al(XV)
Type XVII121-23 .25 al(XVII)
Others Type XI116-18, 22 al1(XI) Epithelial and endothelial cells
Type XVI|22 al(XVII)

1: Dion and Myers, 1987: 2: Morris and Béchinger, 1987; 3: Niyibizi and Eyre, 1989; 4: Brown et al., 1991; 5: Hostikka et al., 1990; é: Sawada et al.,
1990; 7: Yamaguchi et al., 1989; 8: Muragaki et al., 1991a; 9: Bonaldo and Colombotti, 1989; 10: Chu et al., 1990; '': Wu and Eyre, 1989; 12: Eyre et al.,
1987; 13: Shaw and Olsen, 1991; 14: Aubert-Foucher et al., 1992, 15: Keene et al., 1987; 16: Pihlajaniemi and Tamminen, 1990; 17: Tikka et al., 1991;
18: Juvonen et al., 1992; 19: Yamaguchi et al., 1992; 20: Inoguchi et al., 1995; 21: Rehn et al., 1994; 22 Fukai et al., 1994; 23: Oh et al., 1994;

24: Kivirikko et al., 1995; 25: Tajima and Tokimitsu, 1995.

1989). Non-fibrillar collagen types are distinctly
different from fibrillar collagen types, in that they are
unable to form fibrils. Several subfamilies can be
distinguished among non-fibrillar collagens, based on
comparisons of the protein structures and of the intron-
exon gene organizations (van der Rest et al., 1993; Fukai
et al., 1994; Inoguchi et al., 1995). Type IV collagen is a
separate subgroup present in basement membranes.
Another subgroup comprises the short-chain collagens to
which the collagen types VIII and X belong (Yamaguchi
et al., 1989; Sawada et al., 1990; Muragaki et al.,

1991a). Type VI collagen, not assigned to a certain
subgroup, forms beaded filaments (Bonaldo and
Colombatti, 1989; Chu et al., 1990). The abbreviation
FACIT (Fibril Associated Collagens with Interrupted
Triple-helices) has been proposed for the subfamily
comprising types IX, XII, XIV, XVI, and XIX collagens.
These collagens are closely associated with the fibrillar
collagens and are characterized by the presence of a
short triple helical domain located near the carboxyl end
of the molecule (van der Rest et al., 1993; Fukai et al.,
1994). Another subgroup, the multiplexins, comprise
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collagen types XV and XVIII. The non-fibrillar collagen
types XIII and XVII have not been assigned to a certain
subgroup (Fukai et al., 1994).

Short chain collagens

The short-chain collagens, i.e., types VIII and X, are
composed of a chains with molecular weights less then
95 kD (Olsen et al., 1985; Yamaguchi et al., 1989).
Despite similarities in domain structure, amino acid
sequences, and genomic exon configurations, short-
chain collagen and fibrillar collagens show very different
temporal and spatial expression (Olsen and Ninomiya,
1993).

Initially collagen types VI and X were referred to as
short-chain collagens. When additional collagens in the
smaller size range were discovered (Sage et al., 1983a;
van der Rest et al., 1985) it was suggested that the term
short-chain collagen should be used to designate the
whole group of collagens whose unprocessed
biosynthetic molecules contain polypeptides shorter than
type I collagen a chains (Olsen et al., 1985). The two
members within the group of short-chain collagens can
be identified either by a descriptive name based on the
specific tissue distribution of the collagen or by
designation of their type (Olsen et al., 1985).

Collagen type VIiI
Structure

Type VIII collagen was first called endothelial cell
(EC) collagen. It possesses several characteristics
distinct from those of other collagen species such as lack
of interchain disulfide cross-links, and extreme
sensitivity to pepsin digestion. Chains of three different
molecular masses (177 kD (EC1), 125 kD (EC2), and
100 kD (EC3)) have been identified (Sawada et al.,
1990). Type VIII collagen is probably a heterotrimer, but
the existence of homotrimeric molecules composed
entirely of al(VIII) or a2(VIII) chains cannot be ruled
out (Muragaki et al., 1991a; Rosenblum, 1995).

On the basis of careful biochemical analysis, Benya
and Padilla (1986) postulated that the native chain of
type VIII collagen is 61 kD and that 120- and 170-kD
components are - and y-components of the collagen
molecule. They presented an alternative model in which
the type VIII collagen molecule is composed of a
homotrimer of 641-kD chains with non-triple-helical
domains at both ends (Benya and Padilla, 1986).
Yamaguchi et al. (1989) have suggested that strong non-
covalent, acid-labile interactions and covalent cross-
links between the subunits might produce the oligomers
of 120 and 180 kD. Kapoor et al. (1986) presented
evidence that the 61-kD chain does not have
immunological cross-reactivity to EC2.

An interrupted helix model for type VIII collagen
proposed by Benya (1980) showed the molecule as a
homotrimer which subunits of Mr 180,000 Da

containing interruptions in the Gly-X-Y repeat structure
at sites located one-third and two-thirds of the length of
the molecule. Subsequently, Sage et al. (1983b)
proposed a similar «cassette» model based on additional
evidence from the study of the molecule synthesized by
bovine aortic endothelial cell cultures (Yamaguchi et al.,
1989).

Characterization of type VIII collagen chains took
place by cloning and sequencing of cDNAs, since there
are only small amounts of this collagen present in tissues
(Yamaguchi et al., 1989). Chromosomal locations for the
human al(VII) and a2(VIII) genes have been mapped
on chromosomes 3 and 1, respectively (Fig. 1)
(Muragaki et al., 1991a,b).

Yamaguchi et al. (1989) have isolated two
overlapping cDNA clones covering 2425 base pairs
encoding a short type VIII collagen chain synthesized by
rabbit corneal endothelial cells. The CDNA clones
encode an open reading frame of 744 amino acid
residues containing a triple-helical domain of 454
residues flanked by 117 and 173 residue amino and
carboxyl non-triple-helical domains (called NC2 and
NCl1, respectively (Sawada, 1982; Sawada et al., 1984).

Analysis of the amino acid sequence of the amino
terminal NC2 domain shows that it is cationic in nature
with a calculated pI of 10.55 while the pI of the NC1
domain in 8.68. Vasios et al. (1988) speculated that a
polyanionic glycosaminoglycan such as heparan
sulphate could electrostatically interact with type VIII
collagen, particularly at the NC2 domain as proposed
between the amino terminal NC4 domain (calculated pl
9.4) of the a1(IX) chain and cartilage matrix molecules
with polyanionic moieties.

The cDNA-derived sequence of the COL1 domain

COLS8A1 exon

€xon

1(VIII) Nc2 © - coLl NCI

NH2 \/\/\/\ /\/\/\/\ COOH
(117) (454) (173)
1(X)
NH2 \/\/\ j\/\/\/\ COOH
(52) (460) (162)

Fig. 1. Diagram showing the partial exon-structure of the human
genomic DNA encoding for the a1(VIll) collagen chain, its translation
product, and the translation product of the a1(X) collagen chain
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of al(VIII) contains 80 prolyl residues in the Y-
positions of Gly-X-Y triplets, which are likely to be sites
of hydroxylation. This potentially high hydroxy-proline
content may result in a high thermal stability of the
triple-helix. The high hydroxyproline content of
al(VII) is similar to that of al(X) collagen chains
(Yamaguchi et al., 1989).

The starting material for the investigation of the
primary structure of a triple-helical domain of collagen
type VIII was the triple-helical domain described by
Kapoor et al. (1986) and Jander et al. (1990) as the
major product from pepsin cleavage of type VIII
collagen. After denaturation two chains were separated
by HPLC and identified by their N-terminal sequences
as the a2(VII) and al(VIII) (Mann et al., 1990). The
a2(VIII) fragment contains a triple-helical stretch of 460
amino acid residues flanked by short non-triple helical
remnants of the N- and C-terminal globular domains
which were destroyed during pepsin extraction of
Descemet’s membrane (Mann et al., 1990).

The triple-helical sequence is interrupted by 8
somatic point mutations. Two of them were of the type
Gly-X-Y-X-Y-Gly and six of the type Gly-X-Gly. These
imperfections were probably generated by deletion of a
glycyl residue and by deletion of a residue in X or Y
position, respectively (Mann et al., 1990).

The fact that 8 triple-helical imperfections are
conserved in all three a-chains shows the importance of
this structural feature which introduces flexibility to the
rigid triple-helix. As far as the point mutations are
concerned, the a2(VIII) chain is more similar to a1(X)
than to a1(VIII), since two of the three point mutations
of the larger type Gly-X-Y-X-Y-Gly found in type X
(Martin et al., 1985) were matched by similar point
mutations in a2(VIII). Most of the point mutations in all
three chains were followed by a lysyl residue. This
similar to type IV collagen, which has frequent
interruptions as well (Brazel et al., 1988). The modified
lysines in all three chains are followed by a negatively
changed amino acid in position X of the next triplet.
Such clusters were also found in other collagens (VI for
example) (Chu et al., 1988). Another well-preserved
feature of all three chains is the block of Gly-Pro-Hyp
triplets at the C-terminal end. Similar blocks have also
been found in several other collagens and are supposed
to serve as centres in helix formation and to stabilize the
end region of the triple helix (Sakakibara et al., 1973).
All three chains contain more hydroxyproline than
proline (Mann et al., 1990).

The hydroxyl group of 4-hydroxyproline in position
Y stabilizes the triple-helical structure (Berg and
Prockop, 1973) and the high content of this residue may
thus compensate for the presence of the eight non-triple
helical interruptions (Mann et al., 1990).

The similarity of the triple-helical areas of a1(VIII)
and o2(VIII) in length, location and number of point
mutations suggests that both chains together from the
120-140 nm long triple helical domain of the molecule
(Jander et al., 1990).

Mann et al. (1990) observed a ratio of al(VIII)/
a2(VIID) between 1.5 and 2. Since no other chain type
was found a chain composition of [al(VIII)2a2(VIII)]
for the type VIII collagen molecule has been proposed.
Rosenblum (1995) recently described a homotrimeric
assembly of al(VIII) collagen chains. The molecular
mass and molecular model of type VIII collagen are
currently under debate, and further study of the
interactions of al(VIII) collagen chains with another,
and with a2(VIII) chains and other matrix components
is needed (Rosenblum, 1995).

Before discussing the function of collagen type VIII,
the cellular source of this collagen type and its tissue
distribution should be reviewed.

Cellular source

Type VIII collagen was originally identified in the
cell culture medium of bovine aortic endothelial cells
(Sage et al., 1980), corneal endothelial cells (Benya,
1980), and several tumor cell lines (Alitalo et al., 1983;
Sage et al., 1984). Not all endothelial cells synthesize
type VIII collagen and the protein is not restricted to the
vascular endothelium (Alitalo et al., 1983; Sage et al.,
1984). There was no detection of collagen type VIII with
immunofluorescence in highly vascularized tissues like
lung and liver. Type VIII collagen was preferentially
recovered from the culture medium of rapidly
proliferating and migrating cells in vitro. It might
therefore only be expressed during the development of
the vasculature or in adults as a result of vascular injury
(Yamaguchi et al., 1989). Rapidly proliferating cells
appear to secrete high levels of type VIII collagen in the
medium, while no type VIII collagen is recovered from
the medium of quiescent, confluent cells (Alitalo et al.,
1983; Sage et al., 1986). Some platelet components,
including platelet-derived growth factor seem to inhibit
the production of type VIII collagen by bovine aortic
endothelial ells (Yamaguchi et al., 1989). Study of the
cornea has resulted in the discovery of matrix
components which are structurally distinct from fibrillar
and basement membrane type collagens. These matrix
components play a unique role in matrix organization
(Rosenblum et al., 1993).

Descemet’s membrane (DM) is the basement
membrane of corneal endothelial cells, which has an
extremely thick basal lamina (Kefalides et al., 1976).
DMs of some animal species contain characteristic
stacks of hexagonal lattices that are arranged parallel to
the surface of the membrane (Alitalo et al., 1983). The
lattice has been regarded as collagenous (Sawada, 1982;
Alitalo et al., 1983), and type VIII collagen (Kapoor et
al., 1988) has been postulated as a candidate component
(Sawada et al., 1990).

It is possible that type VIII collagen is a product of
undifferentiated or stem cells and that the type VIII gene
is reactivated during cellular proliferation as a result of
injury (Kapoor et al., 1988). Actively proliferating
cultured astrocytoma cells show a heightened production
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of type VIII collagen as well (Alitalo et al., 1983).
Rosenblum et al. (1990, 1993) showed that rat mesangial
cells produce type VIII collagen, and Riiger et al. (1994)
showed in vivo production of type VIII collagen by
human mast cells.

The development of extracellular matrix may be
influenced by mast cells since they are able to elaborate
proteases and cytokines. Human mast cells are also
associated with fibrosing conditions. The primary
contribution of mast cells to extracellular matrix
construction might be the production of as collagen type
VIII scaffold, since human mast cells produce no
collagen types, other than collagen type VIII in vivo
(Riiger et al., 1994).

Tissue distribution

Type VIII collagen is synthesized by only a few cell
types, but can be distributed in various tissues. A pepsin-
resistant triple helical domain of type VIII collagen was
isolated from bovine corneal DM and used as an
immunogen for the production of monoclonal antibodies
(mAbs) (Alitalo et al., 1983). Immunofluorescence
studies with these mAbs showed that type VIII collagen
was deposited as fibrils in the extracellular matrix of
corneal endothelial cells, and also in various other
tissues. Type VIII collagen was found in highly fibrillar
arrays in the ocular sclera, in the meninges surrounding
brain, spinal cord, and optic nerve, and in periosteum,
perichondrium, meninges, and the subendothelial layer
of blood vessels (Kapoor et al., 1988; Kittelberger et al.,
1990; Sawada et al., 1990).

Kapoor et al. (1988) described the distribution of
collagen type VIII in tissues from a single calf with
immunofluorescence using an anti-type VIII collagen
monoclonal antibody. There was linear staining of DM
in the cornea, but no fluorescence in the stroma or
Bowman’s membrane. Despite elaborated attempts to
«unmask» epitopes, collagen type VIII could not be
demonstrated in aortic intima or media by immuno-
fluorescence. Other tissues were also negative for type
VIII collagen, concluding lens, kidney, lung, and liver.
From these results it can be concluded that type VIII
collagen is not a structural component of basement
membranes, but that this unusual collagen is a
component of certain specialized extracellular matrices,
several of which are derived for the neural crest (Kapoor
et al., 1988). In this study Kapoor did not find collagen
type VIII in the bovine kidney.

Immunohistochemical studies by Rosenblum (1994)
show that type VIII collagen is expressed diffusely in the
glomerular subendothelium. Kittelberger et al. (1989)
have identified type VIII collagen in sheep glomerular
arterioles and the larger renal branch arterie but not in
intraglomerular cells.

It is hypothesized by Rosenblum (1994) that type
VIII collagen is expressed both as a polymer and as a
monomer within the glomerulus, and may serve unique
functions depending on its conformation (Rosenblum,

1994). In the stroma of the cornea collagen type VIII is
expressed in its monomeric form in association with
collagenous fibrils. There it may serve as a molecular
bridge between different types of matrix molecules
(Rosenblum, 1994).

The discovery of several types of molecules that
appear to act as molecular bridges between different
types of matrix components or as specialized scaf folds
has enhanced the understanding of the three dimensional
structure of ECM’s in normal tissues. Fibrillar associated
collagens with interrupted triple helices (FACIT),
decorin, and the short-chain collagens are candidate
«molecular bridge» molecules (Rosenblum et al., 1993).
The possibility has been raised that «molecular bridge»
molecules such as collagen type VIII may serve a similar
function in the glomerulus (Rosenblum et al., 1993).

Function

Collagen type VIII has been found in several tissues.
The function of collagen type VIII can be different in
these tissues. The general function of type VIII collagen
may be to provide porous, open structure than can
withstand compressive force (Olsen and Ninomiya,
1993).

Recently, cDNA clones of one chain in VIII-
3(al[VIII]) were sequenced by Yamaguchi et al. (1989).
Based on the length of the domains, they suggested the
al(VIII) was the backbone of the hexagonal lattice in
the cornea, thereby stabilizing this membrane.

Iruela-Arispe et al. (1991) examined the expression
of type VIII collagen as a function of angiogenesis in
vitro. Their data show an upregulation of SPARC
(Secreted Protein, Acidic and Rich in Cysteine) and
collagen types I and VIII, in both microvascular and
microvascular endothelial cells, actively forming
vascular cords. Since type VIII collagen is significantly
downregulated after cells reach confluence, even the
modest increases detected by Western blotting are likely
to be relevant to the phenomenon of angiogenesis. They
speculate that collagen type VIII might facilitate the
assembly of endothelial cords and tubes, and that this
protein is associated with the developing mammalian
and avian cardiovascular system, particularly in the
myocardium and endocardiac cushions, as well as in
embryonic capillaries and some large vessels.

Three functions of collagen type VIII are proposed.
Collagen type VIII may play a role in angiogenesis
(Iruela-Arispe et al., 1991), collagen type VIII may
provide an open structure to stabilize several basement
membranes (Yamaguchi et al., 1989), and it may
polymerize and interact with matrix components to form
extracellular matrix (Rosenblum et al., 1993).

Collagen type VIl in disease
Normal matrix components are overexpressed in

chronically diseased mesangial matrix. Increased volume
of the mesangium may be determined by enhanced
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proteoglycan expression, observed early in the disease.
This, in turn, may stimulate mesangial cells to produce
fibrillar collagens resulting in a fibrillar noncompliant
mesangial matrix (Rosenblum, 1994).

The mesangial matrix is probably regionally diverse
with respect to the organization of its components. Thus,
within specific areas of the mesangium different types of
matrices serve a distinct function (Rosenblum, 1994).
Rosenblum et al. (1990) recently described the presence
of collagen type VIII in the glomerulus. This protein can
be overexpressed during chronic glomerular diseases and
may therefore play a role in the development of
glomerulosclerosis (Rosenblum, 1994).

The high predicted pl of the noncollagenous NCl1
and NC2 domains of a1-VIII collagen suggest that this
collagen may interact with negatively-charged ECM
and cell surface molecules such as proteoglycans
(Rosenblum et al., 1993). The interaction of al-VIII
collagen with heparan sulphate might define a pore size
which could limit the filtration of macromolecules
from the glomerular capillary into the mesangium
(Rosenblum, 1994) and may cause damage to kidney
tissue.

Clq is a collagen-like subcomponent of the first
complement component (Coremans, 1995). There is a
significant sequence homology with the C-terminal
domain of human collagen a1(X), the human o2[VIII],
and the human ClgA, ClgB and C1qC complement
chains. The area of homology is extended over
approximately 130 residues (Sellar et al., 1991; Thomas
etal., 1991).

Anti-Clq antibodies which recognize the collagen-
like region of Clq, have crossreactive epitopes with
collagen type II (Coremans, 1995). Anti-Clq antibodies
can be shown in systemic and renal diseases like
membrane-proliferative glomerulonephritis, glomerulo-
sclerosis, systemic lupus erythematosus (SLE), anti-
GBM nephritis (Siegert et al., 1992). SLE is a systemic
disease mediated by auto antibodies. C1q plays a role in
the development of renal injury in Graft-versus-Host
disease induced in mice, a model for SLE (Coremans,
1995).

Since Clq also has a homology with collagen type
VIII, the Clq antibody might cross-react with this type
of collagen as well. This has not yet been investigated,
but might be considered. If there is cross-reactivity,
collagen type VIII may play a role in the development of
renal injury through this interaction with anti-Clq
antibodies.

How the changes in matrix composition alter the
structure and function of the mesangial matrix, and the
precise role of collagen type VIII in kidney diseases
remains to be defined (Rosenblum, 1994).

Collagen type X
Structure

Type X collagen is a non-fibrillar component of the

extracellular matrix of the hypertrophic zone of the
growth plate cartilage (Reginato et al., 1995). The
human al(X) gene has been mapped to the q21-q22
region of chromosome 6 (Apte et al., 1991).

The type X molecule is comprised of three
apparently identical polypeptides of Mr 59,000 known as
a1(X) chains (Yamaguchi et al., 1989; Kwan et al.,
1991). Polypeptide chains of collagen type X contain
three distinct domains (Fig. 1): a short non-collagenous
amino-terminal domain region of 52 amino acid
residues, a collagenous domain of 460 amino acid
residues, and a collagenous carboxyl-terminal domain of
162 amino acid residues (Yamaguchi et al., 1989). Ten
amino acid residues upstream from the translational
stopcodon, a hydrophobic segment is localized
(Ninomiya et al., 1986). The amino acid sequence
derived from the gene reveals several points mutations in
the collagenous triplet structure. Five point mutations are
of the type Gly-X-Gly and three point mutations are of
the type Gly-X-Y-X-Y-Gly (Ninomiya et al., 1986).

The nonfibrillar nature of type X collagen has been
clearly demonstrated by immunoelectron microscopy
and this finding is consistent with gene cloning studies,
which suggested that type X collagen belongs to a
family of collagens distinct from the fibrillar collagen
family (Kwan et al., 1991). Another difference between
collagen type X and fibrillar collagen type is that
collagen type X is produced by only one cell type.

Cellular source

Recently, it was discovered that hypertrophic
chondrocytes, localized to presumptive mineralization
zones of hyaline cartilage, produce type X collagen
(Ninomiya et al., 1986). The extracellular matrix
surrounding chondrocytes, mineralizes to be replaced by
bone marrow and subsequently bone in the epiphyseal
growth plate (Rooney et al., 1993). Hypertrophic
chondrocytes elaborate the assembly of type X collagen
into a matlike structure within the matrix (Kwan et al.,
1991). This has led to the concept that type X collagen
may be associated with the process of mineralization
(Rooney et al., 1993). Rapid remodelling of extracellular
matrix accompanies the changes from collagen type II to
type X expression in newly formed hypertrophic
chondrocytes, preceding both vascular invasion and
calcification of the matrix (Iyama et al., 1994).

Growth plate chondrocytes produce several types of
collagens, mostly type II and at least three other types,
including IX, X, and XI. Type II collagen is a major
component of cartilage and is produced by small,
proliferating chondrocytes together with types IX and XI
collagen (Lu Valle et al., 1989). As soon as the collagen
type X gene is expressed the protein is detectable in the
cytoplasm of hypertrophic chondrocytes and in the
pericellular matrix (Sage and Iruela-Arispe, 1990). As
soon as chondrocytes transform from the proliferating to
the hypertrophic type, collagen type II expression
decreases. The collagen type X gene starts to be
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expressed in these transitional cells at the same time
(Iyama et al., 1994).

Tissue distribution

Type X collagen is not a component of most
cartilaginous tissues since it is not synthesized by
actively growing chondrocytes (Ninomiya et al., 1986).
Only in the matrix of the hypertrophic zone of the
epiphyseal growth plate cartilage can type X collagen be
found (Gibson and Flint, 1985; Kielty et al., 1985; Kwan
et al., 1986a,b; Ninomiya et al., 1986). The only data is
support of a type X collagen network in vivo is provided
by Schmid and Linsenmayer (1990) who observed an
irregular filamentous network of type X collagen in
ultrathin sections of embryonic chick cartilage. Claassen
and Kirsch (1994) studied the distribution of type X
collagen in thyroid cartilages of various ages. Their
results show that type X collagen is first detected in
thyroid cartilage of 18- to 21-year-old adults. Studies of
tissue distribution of collagen type X revealed that it is
absent in resting and rapidly growing cartilage and in
bone, therefore type X collagen represents a transient
and developmentally regulated collagen (Ninomiya et
al., 1986). Synthesis of the collagen type X molecule has
also been demonstrated in the cartilaginous callus
formed during bone repair (Grant et al., 1987).

Function

Despite the detailed studies on the immuno-
localization and characterization of collagen X (Kwan et
al., 1986a,b; Ninomiya et al., 1986; Grant et al., 1987;
Chu et al., 1988) the exact functional role of type X
collagen in the cartilage has remained undefined
(Farquharson et al., 1995; Olsen, 1995; Reginato et al.,
1995), in part because there is no clear information
regarding the ultrastructural organization of this
molecule and the interactions of collagen type X with
other components in the extracellular matrix (Kwan et
al., 1991). However the sites of the synthesis of collagen
type X and the timing of its appearance in the growth
plate have led investigators to postulate that collagen X
is involved in the process of endochondral ossification
(Kwan et al., 1989).

Kwan et al. (1991) and Sawada (1982) found that
type X collagen produces a hexagonal structure within
the cartilage extracellular matrix. Formation of this
hexagonal structure will alter the existing properties of
the matrix and this alteration can make the hypertrophic
region angiogenic, triggering endothelial cell
proliferation, type VIII collagen synthesis and cell
migration (Rooney et al., 1993). Type X collagen in
hypertrophic cartilage can provide a scaffold to prevent
local collapse as the cartilage matrix is removed during
endochondral ossification (Kirsch and von der Mark,
1990; Olsen, 1995). It is possible that collagen type X
may be involved in angiogenesis rather than in
mineralization (Rooney et al., 1993).

Collagen type X in disease

To date, there is increasing evidence that heritable
diseases affecting endochondral bone formation, such as
chondrodysplasias, and other diseases of cartilage such
as osteoarthritis may be associated with abnormalities in
the structure or expression of type X collagen (Reginato
et al., 1995). For example, autosomal dominant
metaphyseal chondrodysplasia type Schmid (MCDS) is
characterised by metaphyseal abnormalities, combined
with dwarfism. The collagen type X gene was an
obvious candidate gene based upon the tissue specific
expression of COL10A1, and MCDS was indeed found
to be associated with mutations in this gene (Olsen,
1995).

Warman et al. (1993) analyzed genomic DNA from
individuals with osteochondrodysplasias to determine
whether endochondral ossification in humans affected by
abnormalities in the type X collagen gene. They found a
13 bp deletion in one family with MDCS. The normal
type X collagen which can be synthesized is reduced
since the deletion prevents association of the mutant
polypeptide during trimmer formation (Warman et al.,
1993).

Examination of patients with MDCS reveal a paucity
of trabecular bone in the metaphysis and a compressed
zone of hypertrophic chondrocytes (Warman et al.,
1993).

Mclntosh et al. (1994), Dharmavaram et al. (1994)
and Bonaventure et al. (1995) also showed that
mutations in the COL10A1 locus cause cartilage
disorders. Rosati et al. (1994) studied long bone
development in type X collagen null mice and found no
bone abnormalities. They suggest that bone growth and
development can only be modified by the presence of
abnormal type X collagen, and that the function of type
X collagen may be fulfilled by other ECM proteins in its
absence (Rosati et al., 1994).

Functional relationship between collagen types VIl
and X

Collagen types VIII and X show several similarities
in structure and perhaps in function. Iruela-Arispe et al.
(1991) suggested that the collagen types VIII and X both
play a role in the process of angiogenesis. Ingber and
Folkman (1988) have shown that metabolic reduction of
collagen synthesis inhibits capillary formation on the
chicken chorioallontoic membrane (CAM), suggesting
that collagen might be a necessary substratum for the
migration of endothelial cells. Rooney et al. (1993) have
investigated whether induced angiogenesis in vitro and
in vivo, is associated with collagen synthesis. This study
implied that both collagen types VIII and X may play a
role in the process of angiogenesis by modifying the
extracellular matrix and stimulating cell migration.
Rooney et al. (1993) also reported that angiogenesis in
vivo is associated with the deposition of collagen fibrils
on the CAM and with specific, increased production of
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type I and type VIII collagens by bovine aortic
endothelial cells (BAEC) (Rooney et al., 1993). Thus, in
essence, the precise role of collagens in angiogenesis is
still unclear.

A difference between type VIII and X collagen is
that collagen type X distribution is restricted to
hypertrophic cartilage, whereas type VIII is distributed
in various tissues including DM, vascular subendothelial
matrices, heart, liver, kidney, lung, and perichondrium,
as well as several malignant tumors including Ewing’ s
sarcoma, astrocytoma, and hepatocellular carcinoma
(Kittelberger et al., 1990; Sage and Iruela-Arispe, 1990).

Although much is known about the structures of the
short-chain collagen types, further studies will have to
be performed in order to obtain more detailed
information about the function of collagen type VIII and
X.

References

Alitalo K., Bornstein P., Vaheri A. and Sage H. (1983). Biosynthesis of
an unusual collagen type by human astrocytoma cells in vitro. J.
Biol. Chem. 258, 2653-2661.

Apte S., Mattei M.G. and Olsen B.R. (1991). Clining of human a1(X)
collagen DNA and localization of the COL10A1 gene to the 121-q22
region of human chromosome 6. FEBS Lett. 282, 393-396.

Aubert-Foucher E., Eichenberger B., Font B., Goldschmidt D., Léthias
C. and van der Rest M. (1992). Purification and characterization of
native type XIV collagen. J. Biol. Chem. 267, 15759-15764.

Benya P.D. (1980). EC collagens: biosynthesis by corneal endothelial
cells and separation from type IV without pepsin treatment or
digestion. Renal Physiol. 3, 30-35.

Benya P.D. and Padilla S.R. (1986). Isolation and characterization of
type VIl collagen synthesized by cultured rabbit corneal endothelial
cells. A conventional structural replaces the interrupted-helix model.
J. Biol. Chem. 261, 4160-4169.

Berg R.A. and Prockop D.J. (1973). The thermal transition of non-
hydroxylated form of collagen. Evidence for a role for hydroxyproline
in stabilizing the triple-helix of collagen. Biochem. Biophys. Res.
Commun. 52, 115-120.

Bonaldo P. and Colombatti A. (1989). The carboxyl terminus of the
chicken a3 chain of collagen VI is a unique mosaic structure with
glycoprotein Ib-like, fibronectin type Il and Kunitz modules. J. Biol.
Chem. 264, 20235-20239.

Bonaventure J., Chaminade F. and Maroteaux P. (1995). Mutations in
three subdomains of the carboxy-terminal region of collagen type X
account for most of the Schmid metaphyseal dysplasias. Hum.
Genet. 96, 58-64.

Bornstein P. and Sage H. (1980). Structurally distinct collagen types.
Annu. Rev. Biochem. 49, 957-1003.

Brass A., Kadler K.E., Thomas J.T., Grant M.E. and Boot-Handorfd R.P.
(1992). The fibrillar collagens, collagen VIII, collagen X and the C1q
complement proteins share a similar domain in their C terminal non-
collagenous reigons. FEBS Lett. 303, 126-128.

Brazel D., Pollner R., Oberbaumer |. and Kihn K. (1988). Human
basement membrane collagen (type IV). The amino acid sequence
of the a2(IV) chain and its comparison with the a1(1V) chain reveals
deletions in the a1(IV) chain. Eur. J. Biochem. 172, 35-42.

Brown K.E., Lawrence R. and Soneshein G.E. (1991). Concerted

modulation of a1(IX) and a2(V) collagen mRNAs in bovine vascular
smooth muscle cells. J. Biol. Chem. 266, 23628-23273.

Burgeson R.E. (1988). New collagens, new concepts. Annu. Rev. Cell
Biol. 4, 551-577.

Chu M.-L., Conway D., Pan T., Baldwin C., Mann K., Deutzmann R. and
Timpl R. (1988). Amino acid sequence of the triple-helcial domain of
human collagen type VI. J. Biol. Chem. 263, 18601-18606.

Chu M.L., Zhang R.-Z., Pan T., Stokes D., Conway D., Kuo H.-J.,
Glanville R., Mayer U., Mann K., Deutzmann R. and Timpl R. (1990).
Mosaic structure of globular domains in the human type IV collagen
a3 chain: similarity to von Willebrand factor, fibronectin, actin
salivary proteins and aprotinin type protease inhibitors. EMBO J. 9,
385-393.

Claassen H. and Hirsch T. (1994). Immunolocalization of type X
collagen before and after mineralization of human thyroid cartilage.
Histochemistry 101, 27-32.

Coremans |.E.M. (1995). Pathogenetic mechanisms of anti-complement
antibodies in auto-immune disease. Academic thesis. Leiden. ISBN
90-9008096-1.

Dion A.S. and Myers J.C. (1987). COOH-terminal propeptides of the
major human procollagen. Structural, functional and genetic
comparisons. J. Mol. Biol. 57, 859-867.

Dublet B., Oh S., Sugrue S.P., Gordon M.K., Gerecke D.R., Olsen B.R.
and van der Rest M. (1989). The structure of avian type XlI collagen.
J. Biol. Chem. 264, 13150-13156.

Dharmavaram R.M., Elberson M.A., Peng M., Kirson L.A., Kelly T.E.
and Jimenez S.A. (1994). Identification of a mutation in type X
collagen in a family with Schmid metaphyseal chondrodysplasia.
Human Mol. Genet. 3, 507-509.

Eyre D.R., Apone S., Wu J.-J., Ericsson L.H. and Walsh K.A. (1987).
Collagen type IX: evidence for covalent linkages to type Il collagen
in cartilage. FEBS Lett. 20, 337-341.

Farquharson C., Berry J.L., Mawer E.B., Seawright E. and Whitehead
C.C. (1995). Regulators of chondrocyte differentiation in tybial
dyschondroplasia: an in vivo and in vitro study. Bone 17, 279-286.

Fukai N., Apte S.S. and Olsen B.R. (1994). Nonfibrillar collagens.
Methods Enzymol. 245, 3-28.

Gibson G.J. and Flint M.H. (1985). Type X collagen synthesis by chick
sternal cartilage and its relationship to endochondral development.
J. Cell Biol. 101, 277-284.

Grant W.T., Wang G.J. and Balian G. (1987). Type X collagen synthesis
during endochondral ossification in fracture repair. J. Biol. Chem.
262, 9844-9849.

Hostikka S.L., Eddy R.L., Byers M.G., Héyhtya M., Shows T.B. and
Tryggvason K. (1990). Identification of a distinct type IV collagen «
chain with restricted kidney distribution and assignment of its gene
to the locus of X-chromosome-linked Alport-syndrome. Proc. Natl.
Acad. Sci. USA 87, 1606-1610.

Ingber D.E. and Folkman J. (1988). Inhibition of angiogenesis through
modulation of collagen metabolism. Lab. Invest. 59, 44-51.

Inoguchi K., Yoshida H., Khaleduzzaman M. and Ninomiya Y. (1995).
The mRNA for a1(XIX) collagen chain, a new member of FACITs,
contain a long unusual 3' unstranslated region and displays many
unique splicing variants. J. Biochem. 117, 137-146.

Iruela-Arispe M.L., Diglio C.A. and Sage E.H. (1991). Modulation of
extracellular matrix proteins by endothelial cells undergoing
angiogenesis in vitro. Arterioscler. Thromb. 11, 805-815.

lyama K.I., Kitaoka M., Monda M., Ninomiya Y. and Hayashi M. (1994).
Co-expression of collagen types Il and X mRNAs in newly formed



565

Short chain collagens

hypertrophic chondrocytes of the embyronic chick vertebral body
demonstrated by double-fluorescence in situ hybridization.
Histochem. J. 26, 844-849.

Jander R., Korsching E. and Rauterberg J. (1990). Characteristics and
in vivo occurrence of type VIII collagen. Eur. J. Biochem. 189, 602-
607.

Juvonen M., Sandberg M. and Pihlajaniemi T. (1992). Patterns of
expression of the six alternatively spliced exons affecting the
structures of the COL1 and NC2 domains of the a1(XIll) collagen
chain in human tissues and cell lines. J. Biol. Chem. 267, 24700-
24707.

Kapoor R., Bornstein P. and Sage H. (1986). Type VIII collagen from
Descemet’'s membrane: structural characterization of a triple-helical
domain. Biochemistry 25, 3930-3937.

Kapoor R., Sakai L.Y., Funk S., Roux E., Bornstein P. and Sage H.
(1988). Type VIII collagen has restricted distribution in specialized
extracellular matrices. J. Cell Biol. 107, 721-730.

Keene D.R., Sakai L.Y., Lunstrum G.P., Morris N.P. and Burgeson R.E.
(1987). Type VIl collagen forms an extended network of anchoring
fibrils. J. Cell Biol. 104, 611-621.

Kefalides N.A., Cameron J.D., Tomichek E.A. and Yanoff M. (1976).
Biosynthesis of basement membrane collagen by rabbit corneal
endothelium in vitro. J. Biol. Chem. 251, 730-733.

Kielty C.M., Kwan A.P.L., Holmes D.F., Schor S.L. and Grant M.E.
(1985). Type X collagen, a product of hypertrophic chondrocytes.
Biochem. J. 27, 545-554.

Kielty C.M., Hopkinson |. and Grant M.E. (1993). Collagen: the collagen
family: structure, assembly, and organization in the extracellular
matrix. In: Connective tissue and its heritable dissorders. Royce
P.M. and Steinman B. (eds). Wiley-Liss. New York. pp 103-147

Kirsch T. and von der Mark L. (1990). Isolation of bovine type X collagen
and immunolocalization in gowth plate cartilage. Biochem. J. 265,
453-459.

Kittelberger R., Davis P.F. and Greenhill N.S. (1989). Immuno-
localization of type VIII collagen in vascular tissue. Biochem.
Biophys. Res. Commun. 159, 414-419.

Kittelberger R., Davis P.F., Flynn D.W. and Greenhill N.S. (1990).
Distribution of type VIII collagen in tissues: an immunohistochemical
study. Connect. Tissue Res. 24, 303-318.

Kivirikko S., Saarela J., Myers J.C., Autio-Harmainen H. and
Pihlajaniemi T. (1995). Distribution of type XV collagen transcripts in
human tissue and their production by muscle cells and fibroblasts.
Am. J. Pathol. 147, 1500-1509.

Kwan A.P.L., Freemont A.J. and Grant M.E. (1986a). Immuno-
peroxidase localization of type X collagen in thick tibiae. Biosci. Rep.
6, 155-162.

Kwan A.P.L., Sear C.H.J. and Grant M.E. (1986b). Identification of
disulfide-bonded type X procollagen polypeptides in embryonic chick
chondrocyte cultures. FEBS Lett. 206, 267-272.

Kwan A.P.L. Dickson I.R., Freemont A.J. and Grant M.E. (1989).
Comparative studies of type X collagen expression in normal and
rachitic chicken epiphyseal cartilage. J. Cell Biol. 109, 1849-1856.

Kwan A.P.L., Cummings C.E., Chapman J.A. and Grant M.E. (1991).
Mascromolecular organization of chicken type X collagen in vitro. J.
Cell Biol. 114, 597-604.

Lu Valle P., Hayashi M. and Olsen B.R. (1989). Transcriptional
regulation of type X collagen during chondrocyte maturation. Dev.
Biol. 133, 613-616.

Mann K., Jander R., Korsching E., Kilhn K. and Rauterberg J. (1990).

The primary structure of a triple-helical domain of collagen type VIl
from bovine Descemet’s membrane. FEBS Lett. 273, 168-172.

Martin G.R., Timpl R., Miiller P.K. and Kiihn K. (1985). The genetically
distinct collagens. Trends Biochem. Sci. 10, 285-287.

Mayne R. and Brewton R.G. (1993). Members of the collagen
superfamily. Curr. Opin. Cell Biol. 5, 883-890.

Mcintosch |., Abbott M.H., Warman M.L., Olsen B.R. and Francomano
C.A. (1994). Additional mutations of type collagen confirms
COL10A1 as the Schmid metaphyseal chondrodysplasia locus.
Human Mol. Genet. 3, 303-307.

Morris N.P. and Béachinger H.P. (1987). Type XI collagen is a hetero-
trimer with a composition (1a,2a,3a) retaining non-triple-helical
domains. J. Biol. Chem. 262, 11345-11350.

Muragaki Y., Jacenko O., Apte S., Mattei M.G., Ninomiya Y. and Olsen
R.B. (1991a). The a2(VIIl) collagen gene. A new member of the
short chain collagen family, located on the human chromosome 1. J.
Biol. Chem. 266, 7721-7727.

Muragaki Y., Mattei M.G., Yamaguchi N., Olsen B.R. and Ninomiya Y.
(1991b). The complete structure of the human a1(VIIl) chain of the
assignement of its gene (COL8A1) to chromosome 3. Eur. J.
Biochem. 197, 615-6222.

Ninomiya Y., Gordon M.K., van der Rest M., Schmid T.M., Linsenmayer
T.F. and Olsen B.R. (1986). The developmentally regulated type X
collagen gene contains a long open reading frame without introns. J.
Biol. Chem. 261, 5041-5050.

Niyibizi C. and Eyre D.R. (1989). Identification of the cartilage a(XIl)
chain in type V collagen from bovine bone. FEBS Lett. 242, 314-
318.

Oh S.P., Kamagata Y., Muragaki Y., Timmons S., Ooshima A. and
Olsen B.R. (1994). Isolation and sequencing of cDNAs for proteins
with multiple domaisn of Gly-Xaa-Yaa repeats identify a distinct
family of collagenous proteins. Proc. Natl. Acad. Sci. USA 91, 4229-
4233.

Olsen B.R. (1995). Mutations in collagen genes resulting in metaphyseal
and epiphyseal dysplasias. Bone 17, 455-49S.

Olsen B.R. and Ninomiya Y. (1993). Short chain collagens (types VIl
and X). In: Guide book to the extracellular matrix and adhesion
molecules. Kreis R. and Vale R. (eds). Oxford University Press. pp
47-48.

Olsen B.R., Ninomiya Y., Lozano G., Konomi H., Gordon M.K., Green
G., Parsons J., Seyer J. and Thompson H. (1985). Short-chain
collagen genes and their expression in cartilage. Ann. NY Acad. Sci.
460, 141-153.

Pihlajaniemi T. and Tamminen M. (1990). The a1 chain of type XII|
collagen consists of three collagenous and four noncollagenous
domains, and its primary transcript undergoes complex alternative
splicing. J. Biol. Chem. 265, 16922-16928.

Prockop D.J. and Kivirikko K.I. (1995). Collagens: molecular biology,
diseases, and potentials for therapy. Annu. Rev. Biochem. 64, 403-
434.

Reginato A.M., Sanz-Rodriguez C. and Jiménez S.A. (1995).
Biosynthesis and characterization of type X collagen in human fetal
epiphyseal growth plate cartilage. Osteoarthritis Cartilage 3, 105-
116.

Rehn M., Hintikka E. and Pihlajaniemi T. (1994). Primary structure of the
a1(XVII) chain with its homologue, the a1(XV) collagen chain. J.
Biol. Chem. 269, 13929-13935.

Rooney P., Wang M., Kumar P. and Kumar S. (1993). Angiogenic
oligosaccharides of hyaluronan enhance the production of collagens



566

Short chain collagens

by endothelial cells. J. Cell Sci. 105, 213-218.

Rosati R., Horan G.S.B., Pinero G.J., Garofalo S., Keene D.R., Horton
W.A., Vuorio E., de Combrugghe B. and Behringer R.R. (1994).
Normal long bone growth and development in type X collagen-null
mice. Nature Genet. 8, 129-135.

Rosenblum N.D. (1994). The mesangial matrix in the normal and
sclerotical glomerulus. Kidney Int. 45, s73-s77.

Rosenblum N.D. (1995). Homotrimer formation by alpha 1(VIIl) collagen
chains is only dependent on the carboxy terminal NC1 domain. J.
Am. Soc. Nephrol. 6, 908 (Abstract).

Rosenblum N.D., Karnovsky M.J. and Olsen B.R. (1990). Non-fibrillar
collagenous proteins synthesized by rat mesangial cells. J. Am. Soc.
Nephrol. 1, 785-791.

Rosenblum N.D., Briscoe D.M., Karnovsky M.J. and Olsen B.R. (1993).
al-VIll collagen is expressed in the rat glomerulus and in resident
glomerular cells. Am. Phys. Soc. F1003-F1010.

Ruger B., Dunbar P.R., Hasan Q., Sawada H., Kittelberger R., Greenhill
N. and Neale T.J. (1994). Human mast cells produce type VIII
collagen in vivo. Int. J. Exp. Pathol. 75, 397-404.

Sage H. and Iruela-Arispe M.L. (1990). Type VIII collagen in murine
development. Association with capillary formation in vitro. Ann. NY
Acad. Sci. 580, 17-31.

Sage H., Pritzl P. and Bornstein P. (1980). A unique, pepsin-sensitive
collagen synthesized by aortic endothelial cells in culture.
Biochemistry 19, 5747-5755.

Sage H., Mecham R., Johnson C. and Bornstein P. (1983a). Fetal calf
ligament fibroblasts in culture secrete a low molecular weight
collagen with a unique resistance to proteolytic degradation. J. Cell
Biol. 97, 1933-1938.

Sage H., Trieb B. and Bornstein P. (1983b). Biosynthetic and structural
properties of endothelial cell type VIII collagen. J. Biol. Chem. 258,
13391-13401.

Sage H., Balian G., Vogel A.M. and Bornstein P. (1984). Type VIII
collagen: synthesis by normal and malignant cells in culture. Lab.
Invest. 50, 219-231.

Sage H., Tupper J. and Bramson R. (1986). Endothelial cell injury in
vitro associated with increased secretion of a Mr 43,000 glycoprotein
ligand. J. Cell. Physiol. 127, 373-387.

Sakakibara S., Inouye K., Shudo K., Kishida Y., Kobayashi Y. and
Prockop D.J. (1973). Synthesis of (Pro-Hyp-Gly), of defined
molecular weight. Evidence for the stabilizaiton of collagen triple
helix by hydroxyproline. Biochim. Biophys. Acta 303, 198-202.

Sawada H. (1982). The fine structure of the bovine Descemet’s
membrane with special reference to biochemical nature. Cell Tissue
Res. 226, 241-255.

Sawada H., Konomi H. and Nagai Y. (1984). The basement membrane
of bovine corneal endothelial cells in culture with B aminopropio-
nitrile: biosynthesis of hexagonal lattices of a 160nm dumbbrell-
shaped structure. Eur. J. Cell Biol. 35, 226-234.

Sawada H., Konomi H. and Hirosawa K. (1990). Immunoelectron
microscopy of type X collagen: supramolecular forms within
embyronic chick cartilage. Dev. Biol. 138, 58-62.

Schmid T.M. and Liesenmayer T.F. (1990). Immunoelectron microscopy
of type X collagen: supramolecular forms within embryonic chick
cartilage. Dev. Biol. 138, 53-62.

Sellar G.C., Blake D.J. and Reid K.B.M. (1991). Characterization and
organization of the genes encoding the A-, B-, and C-chains of
human complement subcomponent C1qg. Biochem. J. 274, 481-490.

Shaw L.M. and Olsen B.R. (1991). FACIT collagens: diverse molecular
bridges in extracellular matrices. Trends Biochem. Sci. 16, 191-194.

Siegert C.E.H., Daha M.R., Halma C., Van der Voort E.A.M. and
Breedveld F.C. (1992). IgG and IgA autoantibodies to C1q in
systemic and renal diseases. Clin. Exp. Rheumatol. 10, 19-23.

Tajima S. and Tokimitsu I. (1995). Regulation of BPAG2 (180 kDa)
gene expression in spontaneously transformed murine keratino-
cytes: tissue distribution, modulation during cell adhesion, and up-
regulation by ascorbic acid. J. Biochem. 118, 734-737.

Thomas J.T., Kwan A.P.L., Grant M.E. and Boot-Handofrd R.P. (1991).
Isolation of cDNAs encoding the complete sequence of bovine type
X collagen: evidence for the condensed nature of mammalian type X
genes. Biochem. J. 273, 141-148.

Tikka L., Elkomaa O., Pihlajaniemi T. and Tryggvason K. (1991). Human
a1(XIll) collagen gene. Multiple forms of the gene transcripts are
generated through complex alternative splicing of several short
exons. J. Biol. Chem. 266, 17713-17719.

Van der Rest M. and Garrone R. (1991). Collagen family of proteins.
FASEB J. 5, 2814-2823.

Van der Rest M., Maine R., Ninomiya Y., Seidah N.G., Chreitien M. and
Olsen B.R. (1985). The structure of type IX collagen. J. Biol. Chem.
260, 220-225.

Van der Rest M., Garrone R. and Herbage D. (1993). Collagen: a family
of proteins with many facts. In: advances in molecular and cell
biology. Extracellular matrix. 6th ed. Bittar E.E. and Kleinmann H.K.
(eds). JAI Press Inc. Greenwisch. pp 1-67.

Vasios G., Nishimura |., Konomi H., van der Rest M., Ninomiya Y. and
Olsen B.R. (1988). Cartilage type IX collagen proteoglycan contains
a large amino terminal globular domain encoded bu multiple exons.
J. Biol. Chem. 263, 2324-2329.

Warman L., Abbott M., Apte S.S., Hefferon T., Mcintosh I., Cohn D.H.,
Hect J.T., Olsen B.R. and Francomano C.A. (1993). A type X
collagen mutation causes Schmid metaphyseal chondrodysplasia.
Nature Genet. 5, 79-82.

Wu J.-J. and Eyre D.R. (1989). Covalent interactions of type IX collagen
in cartilage. Connect. Tissue Res. 20, 241-246.

Yamaguchi N., Benya P.D., van der Rest M. and Ninomiya Y. (1989).
The cloning and sequencing of a.1(VIl) collagen cDNAs demonstrate
that type VII collagen is a short chain collagen and contains triple-
helical and carboxyl-terminal non-triple-helical domains similar to
those of type X collagen. J. Biol. Chem. 264, 16022-16029.

Yamaguchi N., Kimura S., McBride O.W., Hori H., Yamada Y., Kanamori
T., Yamakoshi H. and Nagai Y. (1992). Molecular cloning and partial
characterization of a novel collagen chain a1(XVIl), consisting of
repetitive collagenous domains and cysteine-containing non-
collagenous segments. J. Biochem. 112, 856-863.



